The African continent contributes one of the largest uncertainties to the global CO 2 budget, because very few long-term measurements are carried out in this region. The contribution of Africa to the global carbon cycle is characterized by its low fossil fuel emissions, a rapidly increasing population causing cropland expansion, and degradation and deforestation risk to extensive dryland and savannah ecosystems and to tropical forests in Central Africa. A synthesis of the carbon balance of African ecosystems is provided at different scales, including observations of land-atmosphere CO 2 flux and soil carbon and biomass carbon stocks. A review of the most recent estimates of the net long-term carbon balance of African ecosystems is provided, including losses from fire disturbance, based upon observations, giving a sink of the order of 0.2 Pg C yr −1 with a large uncertainty around this number. By comparison, fossil fuel emissions are only of the order of 0.2 Pg C yr −1 and land-use emissions are of the order of 0.24 Pg C yr −1 . The sources of year-to-year variations in the ecosystem carbon-balance are also discussed. Recommendations for the deployment of a coordinated carbon-monitoring system for African ecosystems are given.
Introduction
The role of the African continent in the global carbon cycle is increasingly recognized [1, 2] . Even if Africa contributes less than 4 per cent of the global fossil fuel emissions [3] , it is a major source of interannual variability in global *Author for correspondence (philippe.ciais@cea.fr).
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This journal is © 2011 The Royal Society atmospheric CO 2 [2] . It is estimated that African ecosystems contribute 20 per cent of global net primary production (NPP) and 20 per cent of global landuse CO 2 emissions to the atmosphere from forest degradation and deforestation (e.g. [4] ). African ecosystems also contribute 40 per cent of fire emissions, mostly from savannah burning. These emissions affect atmospheric chemistry [5] [6] [7] [8] .
However, despite the increasingly acknowledged importance of African ecosystems in the global carbon cycle and their potential vulnerability in the future, owing to both ecological and socio-economic factors, there is still a lack of studies. In particular, very few inventory observations are available over tropical forests [9] and virtually none over savannahs and woodlands. Up to now many questions remain open, and it is not clear whether Africa is a net carbon source or a sink to the atmosphere.
The associated net release of carbon from land use change and forestry in subSaharan Africa is estimated to be 0.24 Pg C yr −1 . This flux does not account for changes in fire regime and local wood collection for biofuel. A key motivation for studying the carbon balance of African forests is that deforestation in Central Africa has been historically less pronounced than in other tropical continents, but is now catching up. Although their exploitation is partly regulated, Central African forests are under the threat of accelerated logging, with 30 per cent of these forests currently being under logging concessions [10] . Wood removal from forests in Africa increased from 500 × 10 6 m 3 (roughly 0.13 Pg C yr −1 ) to 660 × 10 6 m 3 in 2005 [11] . The area of forest and woodlands decreased between 2000 and 2005 at a high rate of 6 Mha yr −1 , explaining more than half of the global decline in forest area [11] . Although African forest carbon stocks appear to be particularly vulnerable, they have been spared from massive deforestation so far. In contrast, deforestation of savannah woodlands is rapid, with, for example, rates of 1.1 per cent per year in Tanzania and 1 per cent per year in Zambia [12] . Monitoring changes in savannah woodlands remains a major challenge for remote sensing, because of limited ground data, interannual variability and the presence of a dense grass layer. In the context of the Reduced Emissions from Deforestation and forest Degradation (REDD+) programmes, it is thus important to quantify both the carbon stocks and the carbon fluxes of African forests, because these stocks may be larger and less affected up to now by deforestation than other regions of the tropics.
African savannahs, which cover roughly 50 per cent of the continent [13] , have a large contribution to global productivity also [14] , and the role of fire is key in controlling their long-term carbon balance, as well as other ecosystem services [15] . While savannah carbon stocks are lower than those of closed forests, they cover three times larger areas in Africa [16] .
The population of Africa is increasing faster than in other regions of the globe (http://maps.grida.no/). More than 40 per cent of the population lives in arid, semi-arid or dry sub-humid areas, all regions with extensive savannah coverage. Understanding the evolution of the human appropriation of the NPP [17] in Africa thus appears to be a crucial element in diagnosis at the regional level. There is an increasing regional pressure on ecosystem services, in particular for agricultural production [18] . Currently, the human appropriation of the NPP in densely populated regions of Africa is as high as in Europe [17] . Further, the NPP of cultivated ecosystems is most likely to be lower than natural NPP in this region [17] . Changes in global and local economic drivers, population density, urban density and wealth are likely to modify regionally the human appropriation of the NPP and the regime of fires, which in turn will change the ecosystem productivity, ecosystem structure and the long-term carbon balance of the savannahs.
Unfortunately, because of heterogeneity and insufficient information, in situ data are scarce for characterizing the African carbon balance with sufficient accuracy. Apart from forest inventories in a few countries [11] and some local scale measurements or regional campaigns, such as the IGBP African transects initiated 10 years ago [19] , there is no comprehensive information on African carbon stocks and fluxes. In that context, we review in this study the inventory of carbon stocks in African ecosystems, and establish a synthesis of various estimates of the carbon balance of forests and savannahs and their modelled variability during the last century. Finally, recommendations are made for securing a denser and more representative network of carbon observation stations over Africa, complemented by terrestrial biosphere models at various scales.
Carbon balance component definitions
In general terms, the complete carbon budget of a given ecosystem can be summarized as shown in figure 1 . In this figure, the relationships among the carbon (C) fluxes that determine the net ecosystem carbon balance (NECB) and the fluxes that determine the net ecosystem production (NEP) are represented. Fluxes contributing to the NECB are the CO 2 net ecosystem exchange (NEE), methane (CH 4 ), carbon monoxide (CO) and volatile organic carbon (VOC) emissions; lateral or leaching fluxes of dissolved organic (DOC) and inorganic carbon (DIC); and lateral or vertical movement of particulate carbon (PC) (nongaseous, non-dissolved) by processes such as animal movement, soot emission during fires, water and wind deposition and erosion, and anthropogenic transport or harvest. Fluxes contributing to the NEP are gross primary production (GPP), autotrophic respiration (AR) and heterotrophic respiration (HR).
While GPP, NEP, NPP, AR and HR have definite time scales which usually span from minutes to a year, the NECB temporal scale is left undefined as it includes all the possible disturbances that usually occur during the entire life of an ecosystem. At site scale, the NECB should cover several decades, and could be estimated by measuring fluxes over chronosequences (Magnani et al. [20] for European forests). Averaging fluxes over a larger region accounts for the spatial distribution of disturbance and its effect on fluxes. If the disturbance regime is close to its steady state and regionally homogeneous, taking a spatial average could capture the NECP instead of a temporal average over a very long time period.
Carbon inventories
A carbon inventory involves the estimation of stocks and fluxes of carbon from different land-use systems in a given area. Further, 'inventory' is often referred to as the process of making such estimations. Carbon stores in a given land area consist of biomass and the soil carbon pools. The biomass pool includes aboveground and below-ground living biomass, litter and deadwood. A few manuals or guidelines on carbon inventory methods are available for national inventory systems [21] and for agriculture, forest and other land uses [21] , as well as the IPCC Good Practice Guidance for Land Use, Land-Use Change and Forestry (LULUCF) [22] . In these publications, the IPCC established methodologies and provided default values in order to help countries to establish their greenhouse gas inventory.
To measure changes in carbon stocks, the IPCC [21] recommends two options. The first one is the stock-difference method, consisting of measuring the difference between the actual stock of biomass at the beginning and that at the end of the accounting period. The second option is the gain-loss method, estimating biomass gains on the basis of typical growth rates in terms of the mean annual increment minus losses estimated from activities such as timber harvesting, logging damage, fuel wood collection and overgrazing as well as from fire. The IPCC concludes that the 'gain-loss' method can be used as a default when limited measured data are available, but that the 'stock-difference' method brings greater accuracy.
By measuring changes in carbon stocks over large areas, inventory studies provide spatially aggregated estimates of large-scale fluxes of CO 2 over multi-annual time scales [23] . Therefore, the inventory-based estimate of land-atmosphere fluxes can be used for comparison with other methodologies, such as eddy covariance and atmospheric inversions. Moreover, inventories give a good indication of the capacity of ecosystems to photosynthesize and store carbon and an indication of the amount of C that could be released by land-use change. However, inventories in the tropics are generally inadequate, particularly in view of the high rates of land-use change, fire disturbance and heterogeneous carbon density in ecosystems. There are still large uncertainties in attempting to balance the terrestrial carbon budget on a global scale using inventory data [23] .
The variability of the C stored in ecosystems varies among different vegetation and soil types, and disturbance histories. An effective stratification for sampling inventories should take into account the structure of the ecosystems, floristic composition and soil types. Adequate sampling could be achieved by remote sensing, ground truth measurements and soil maps. However, classifying and mapping the different forms and structure of the vegetation is problematic in Africa because of the lack of clear definitions of forest and forest changes, very few ground data for calibrating remote-sensing products and soil C stock estimates not amenable to remote-sensing analysis. Literature on soil C stocks and biomass in Africa indeed shows that authors used very different definitions for the same ecosystem types. Below, we present biomass, then soil organic carbon and litter measurements.
(a) Biomass inventories
Biomass density is one of the most important parameters for estimating ecosystem C losses resulting from changes in land cover and use of tropical forests. It is generally accepted that half of the biomass corresponds to carbon. Forest inventories are valuable sources of data for estimating biomass density, but inventories for the tropics are few in number and their quality is poor [24] . National inventories differ greatly in definitions, methodologies, standards and quality, and detailed information available at the national level is normally unavailable internationally [25] . In tropical zones, trees often have a larger proportion of their volume in branch wood than temperate trees. But forest inventories developed for commercial purposes usually ignore branches. Some authors developed expansion factors in order to infer biomass from commercial log volume [25] , but availability of these expansion factors for African ecological zones is limited. Therefore, the greatest actual need for biomass inventories with dense spatial sampling is in the tropical and subtropical regions such as Africa, where the rates of deforestation are fast and biomass information is uncertain.
There is also a need to adapt forest inventory methodologies to allow for the assessment of both total forest biomass and potential fuelwood. The key issue is that the biomass structure is quite heterogeneous and so sample sizes need to take that into account, because small-sized plots do not provide sufficiently reliable information. Savannahs and shrublands contain very few large stems with most of the biomass requiring relatively large sampling plots. Tropical forests likewise pose specific challenges to biomass sampling [25] . The sampling plots need to be large enough to represent the spatial variability of the biomass, and include large enough trees to be representative of the local environment. For instance, Chave et al. [26] recommended sampling plots of size 0.5-1 ha for tropical humid forests in Central America. In plantations, with even-aged stands, smaller plots may be acceptable, with 0.1 ha plots suggested for teak plantations in Indonesia [27] . In addition, permanent tree plots should be replicated to avoid bias in local sampling. It is recommended that several tree plots of 0.5-1 ha should be set up, rather than one large plot [28] . The most important criterion is to find a good compromise between the cost and the feasibility of the measurements. Within one plot, a second level of stratification could be integrated by doing a niche-sampling strategy, allowing a significant reduction in the number and cost of measurements.
(i) The trees
The development and use of allometric equations is the standard methodology to estimate the biomass of tree components in forested ecosystems. Biomass allometric equations can be developed by destructive or non-destructive methods that measure the volume and estimate the biomass using the wood's density value and a biomass expansion factor [24] . Allometric equations may be developed locally from direct felling of a representative sample of trees, although this is a labour-intensive exercise. One method is to harvest all the trees in a plot of 0.25 ha and, for each stem, measure its diameter, total height, wood density, leaf mass and wood mass. The debate on using specific versus general allometric equations is still open, but will only be settled if more direct biomass harvest experiments are conducted.
Tree allometric equations establish the relationship between parameters such as diameter, height, crown diameter and the biomass or the volume. The diameter of the trees should be measured in the field, and information concerning the floristic composition and wood density relies on field work. However, the height and volume may be measured using LIDAR technology and the size of tree crowns may also be estimated with remote sensing [29] , but not the wood density. In sampling plots, trees are mapped, tagged and their diameter measured to ensure that they can be measured again in the future (permanent sampling plots). Trunk diameter measurement is an important issue, because many tropical trees have buttresses that creep up the trunk as the tree grows. Diameter is taken at 1.30 m above ground (diameter at breast height), or 50 cm above buttresses in the case of buttressed trees, and the point of measurement is painted.
Allometric equations are statistically valid only at the site where they were generated. However, in general, these equations are much more broadly applied, including across continents. There is a scarcity of allometric equations generated in Africa. Using default allometrics to estimate biomass at a single site can generate quite different results, particularly at sites with large stems [30] . For instance, Henry et al. [31] estimated a difference of approximately 40 per cent in the above-ground biomass using site-specific versus generalized allometric equations.
(
ii) The roots and litter
Roots are a significant component of stand biomass, particularly in the dry tropics. Most of the inventories use an average root-to-shoot ratio to estimate below-ground biomass [32] . For instance, the root-to-shoot ratio of woodland savannahs is estimated to be 0.42-0.48 [33] , while in closed tropical forests the value is estimated to be 0.24. Very few studies are available on fine root biomass because these measurements are costly, time-consuming and difficult [34] , implying a large uncertainty in that component of inventories. Between the aboveground and below-ground compartments, the litter is considered only in scientific forest inventories monitoring plots. Sub-samples are established and the litter is taken, dried and measured [26] .
(b) Soil carbon inventories
The soil organic carbon is contained within microaggregates and a part is lost through respiration and/or erosion after their destruction. The soil organic carbon varies as a function of the texture, the bulk density, the microbiological activity and the organic matter contained in the vegetation. As for biomass, quantifying soil organic carbon requires a sampling stratification, with identification of the different soil types, in order to decrease the cost of measurements. Measurement of soil organic carbon is costly and a composite sampling method, which consists of mixing soil samples from different soil profiles to obtain one average sample, is a good compromise. In addition, soil organic carbon content decreases with depth, the top-soil layers being the most affected by anthropogenic activities. Field measurements have to focus on representing the top-soil layers. The IPCC [22] considers 0-30 and 0-100 cm soil layers, but sampling depth in Africa could be more specific and adapted to soil type, as the soil layer may be thinner than 30 cm. Different methods to analyse soil organic carbon exist and are generally based on partial and total oxidation of organic carbon. In African savannahs and woodlands, soil organic carbon stocks are highly variable (30-140 tC ha −1 , [30] ). Devising a sampling strategy to upscale from point measurements is thus a difficult task. There is also evidence for significant losses of soil carbon following land-use change [30, 35] that may equal losses owing to complete removal of vegetation cover.
New insights are coming from measurements of 14 C in soil carbon [36] of African tropical forest soils. Recent data show the age of carbon up to 370 years in BC soil horizons, indicating a rather remarkable stability and probably a moderate mean influx of carbon into the soil.
14 C estimates of soil organic carbon mean residence time could be a powerful tool in the future for understanding the potential role of carbon sequestration in tropical rainforest soils, if extended to include the large spatial scales of this African biome. Table 1 summarizes the most recent estimates of carbon balance of the African continent based on Bombelli et al. [37] , Ciais et al. [38] , Williams et al. [30] , Lewis et al. [9] and Canadell et al. [3] . The key result is that the range of published estimates for the African carbon balance is quite large. According to Bombelli et al. [37] , the NEP of Africa varies from a sink of around 1 Pg C yr −1 (given by in situ measurements of both forest and savannah) to a large sink of 3.2 Pg C yr −1 (using model estimates for savannah). The United Nations Framework Convention on Climate Change (UNFCCC) inventory-based estimate leads to a small carbon sink of 0.16 Pg C yr −1 but it does not explicitly consider the carbon budget of savannahs. Other studies such as those by Williams et al. [2] and Ciais et al. [38] give a sink of 0.4-0.34 Pg C yr −1 from models. This range from models is rather similar to that derived from UNFCCC estimates. The inclusion of fossil fuel Table 1 . Comparison between a preliminary carbon balance estimate derived from the most recent studies and the UNFCCC national communication data. NEP(F), NEP of forests; NEP(S), NEP of savannahs; D, emissions from deforestation and shifting agriculture; FD, emissions from forest degradation; EFS, emissions from savannah fires, assumed to be partly compensated by regrowth each year and yielding a neutral carbon balance; A, emissions from agriculture; fossil, emissions from fossil fuel. NEP(F) and NEP(S) estimates are from two sources. The first source is the average of estimates from four different models used by Weber et al. [39] . These model estimates are likely to overestimate sinks because land-use change was not accounted for in that study. The second source are literature data updated from Bombelli et al. [37] , from Lewis et al. [9] for forest NEP(F), which accounts only for the biomass sink and ignores soil carbon from the median of data compiled in table 2 for savannah NEP(S), and from Canadell et al. [3] for fossil fuel emissions. Biogenic = NEP(F) + NEP(S) + D + FD + A when from measurements, and NEP(F) + NEP(S) + D + FD + EFS + A when from models (fire emissions added because models calculate NEP(S) as a sink that must be offset by fire emissions). The sink of 0.2 Pg C yr −1 given in the abstract is the average of all estimates, excluding Weber et al. [39] in which not all the models included disturbance flux. emissions of 0.2 Pg C yr −1 in the balance sheet reduces the natural sink potential, and can turn it into a small source of 0.03 Pg C yr −1 if we consider the UNFCCC estimates.
Long-term mean continental-scale carbon balance

(a) Savannahs
The African terrestrial carbon balance seems to be a carbon sink, but there is still a high uncertainty especially about the role of savannahs, which include tropical woodlands.
Savannahs are very productive when compared with other biomes [40, 41] , with an average NPP of 0.59 ± 0.22 Mg C ha −1 yr −1 [42] . Scaling up this estimate to the entire African savannah biome gives an NPP of 8.9 Pg C yr −1 , which is 13.6 per cent of the global NPP. The value from Grace et al. [42] is in the range of an average calculated using different field estimates of NPP and NEP in African savannahs (table 2) . A recent GPP upscaling to savannahs and tropical grasslands by Beer et al. [43] gives a value of 30 Pg C yr −1 . The estimated carbon balance of savannahs is inferred from the terrestrial ecosystem models, in situ data and national communications, leading to high uncertainty about this estimate. The few available annual values from in situ estimates are very different from each other. The average model result also hides large differences among the different model outputs, with the sink strength ranging from 1.3 to 3.9 Pg C yr −1 (table 2) . Moreover, terrestrial ecosystem models have not been calibrated/validated in depth for savannahs up to now. It is likely that a number of crucial processes are not yet well represented in these models. This highlights a crucial research need as the importance of savannahs for dynamics of the African carbon balance is also seen in their large interannual variability, which is at least partly related to water balance.
Savannah woodland carbon stocks are dominated by the soil (table 3) . In a Mozambican miombo woodland, the total soil organic carbon stock was approximately 110 tC ha −1 , 68 per cent of it in the top 50 cm. Tree biomass was approximately 30 tC ha −1 . This distribution of soil C, which was not correlated with vegetation carbon stocks [33] and the very variable nature of soil organic matter, complicates the use of remote sensing for spatial mapping of African carbon stocks. The major long-term effect of fire is to alter the structure of savannah vegetation [54] and to reduce standing stocks of woody vegetation. One study suggests that global closed canopy forests would double in area in a world without fire, with most of the expansion being in African savannahs [54] . Long-term fire exclusion experiments around the world have shown that mesic savannahs can indeed develop closed canopies and rapidly accrete woody biomass in the absence of fire ( figure 2 and table 3 ). However, representing fire effects in regional and global ecosystem models is still in its infancy, and most fire modules within global vegetation models are parametrized and tested in boreal and temperate systems [57] where fire is a stand-replacing disturbance, unlike in savannahs where fires can recur every few years [15] . In addition, from preliminary CARBOAFRICA results (Castaldi et al. unpublished data), it seems that African savannahs represent a significant source of CH 4 by termite activity, thus reducing their CO 2 sink potential. Further studies are therefore needed to better quantify this termite CH 4 source value and the role of land characteristics on this source. Hence, increasing field efforts and improving the terrestrial modelling capacity for savannah regions should be a key focus in future African carbon cycle research. Summarizing these studies, African savannah can be considered a sink of 0.8 ± 1.6 tC ha −1 yr −1 . Savannah fire emissions, though large, represent a short-term source that is largely offset by ensuing regrowth.
(b) Forests
Africa holds 16 per cent of the global forest area [58] . African forests are among the most pristine on the Earth and contain large carbon stocks in biomass, up to 255 tC ha −1 in tropical areas [59] . The Congo Basin forest is the world's second largest tropical forest, covering 223 million hectares in six countries, and containing one-quarter of the world's remaining tropical forest [58] . African forests are particularly vulnerable to a complex mixture of different factors: climate change, land-use change, population increase, poverty and political instability. The main result of this vulnerability is deforestation and/or forest degradation. At a global level, the forest sector contributes around 17 per cent of all greenhouse gas emissions from anthropogenic sources, making the forestry sector the second largest source after energy, and most of this is owing to deforestation and forest degradation [21] . Deforestation and forest degradation are two different processes with different ecological consequences. Deforestation is mainly associated with slash and burn agriculture [58] , whereas degradation is mainly associated with selective logging activities, fuelwood gathering and grazing practice. From 2000 to 2005, Africa showed the highest negative rate of forest area change, with 0.6 per cent of annual loss, contributing 35 per cent of total tropical land clearing from deforestation (4 Mha annually). This value is comparable to forest loss in South America (4.3 Mha) and is likely to continue at current rates [60] .
Houghton & Hackler [61] estimated an emission rate of 0.37 Pg C yr −1 from deforestation over the African continent. These carbon losses tend to be 'permanent' because afforestation and reforestation rates are modest, and represent less than 5 per cent of annual deforestation [6] . The associated net C loss from land use represents 20 per cent of the tropical total C loss, nearly all attributed to deforestation [6] . Annual net C emissions from conversion to crop cultivation land alone were estimated with coarse grid global models [62] to be about 0.8 ± 0.3 Pg C yr −1 over the period 1980-1989 for tropical lands, but only 0.1 Pg C yr −1 from Africa [1, 62] where shifting cultivation is prevalent [61] . The reported error on the estimate of McGuire et al. [62] is from the spread of their four models. However, an increasing trend in land-use change is associated with the conversion of primary forests into agro-forestry systems, i.e. cocoa, rubber, palm oil, etc., plantations or even a mix of secondary forests and plantations. The carbon changes associated with the various land uses are still not adequately reported as, in most cases, such plantations may have repeated plantation cycles. Recent field studies [63] show that soil carbon changes can be less important than originally thought, owing to the fact that the new plantation is seeded on the forest soils without ploughing. Soil organic carbon changes become significant only in the following cycles of plantations when the decreased litter input starts to become limiting. Less is known about the impact of forest degradation on African C stocks. First estimates of emissions from degradation are 0.77 Pg C yr −1 [37] , much more than deforestation, and this number awaits further confirmation.
Regarding intact forests, Lewis et al. [9] showed an increase in carbon storage of the African tropical forests, during the past 40 years, by 0.34 Pg C yr −1 . A net sink in the forest of similar magnitude was also modelled by Ciais et al. [38] , owing mainly to the effect of CO 2 fertilization and increasing precipitation in increasing NPP. Therefore, African tropical forests are carbon sinks and are likely to remain sinks-if protected-in the longer term [9] . These data show the high potential of forests in Africa to mitigate climate change through carbon sequestration and reduction of emissions by avoiding forest degradation and deforestation. Figure 3 shows the interannual variability and trends of modelled Africa annual GPP, total ecosystem respiration (TER), fire emissions, land-use change-related carbon emission and the resulting net C balance (NBP) from the study of Ciais et al. [38] using the ORCHIDEE process-based model. The variability of NBP is compared with that of temperature and precipitation from 1901 to 2002. At the continental scale, both GPP and TER are modelled to have significantly increased during the last century owing to the fertilization effects of increasing CO 2 on photosynthesis. Annual GPP increased from 27 Pg C yr −1 in 1901 up to 30 Pg C yr −1 in 2002, which is a total increase of 12 per cent (average trend of 0.03 Pg C yr −2 ). Annual NECB is modelled to have fluctuated around zero during the last century, but often shows positive values (sinks) in 1990s because of the rapidly increasing vegetation productivity ( figure 3) . Overall, the African net terrestrial carbon balance (NECB) simulated by ORCHIDEE changed from a net CO 2 source to an atmosphere of 0.14 Pg C yr −1 in the 1980s to a net sink of 0.15 Pg C yr −1 in the 1990s. Land-use change is modelled to be a source from 0.08 Pg C yr −1 in the 1980s to 0.13 Pg C yr −1 in the 1990s. This source is two times smaller than that obtained by Houghton [6] , but the model ignored shifting agriculture and changes in agricultural practice, and more recent data used by Houghton et al. suggest a downward revision of emissions from Houghton [6] (see [64] ). Summarizing the study of Ciais et al. [38] , about 0.3 Pg C yr −1 of net carbon accumulation in ecosystems driven by the rising atmospheric CO 2 concentration and recently increasing rainfall has nearly offset land-use change induced CO 2 emissions to the atmosphere during the last two decades.
Interannual variability
Interannual variations in African C balance are recognized by Williams et al. [2] to be significant in the context of global CO 2 growth rate variability. In Ciais et al. [38] , for instance, the NECB variability correlated better with GPP (r 2 = 0.47) than with TER (r 2 = 0.23), or than with emissions owing to fire (r 2 = 0.18) and land-use change (r 2 = 0.02). Savannahs show the highest correlation between GPP and NECB (r 2 = 0.55-0.63), while croplands show the lowest explanation of GPP on the interannual variation in NECB, particularly in Sahelian and Sudanian regions (r 2 = 0.41) [38] . Forests show a larger correlation (r 2 = 0.29-0.33) between TER and NBP than savannahs and croplands, which is probably related to stem respiration and stem growth processes.
The ORCHIDEE model results shown in figure 3 suggest that the anomalous C loss by ecosystems in 1983-1984 (1.9 Pg C yr −1 ) was linked to an abnormally low GPP (2.9 Pg C yr −1 less than the normal value), which was caused by belowaverage precipitation (106 mm yr −1 ). In contrast, wetter than usual conditions during 1909, 1923 and during 1962-1963 were modelled to cause an anomalous C uptake in these years. Among the different biomes, savannah shows the highest temporal correlation between NECB and precipitation, with 50 per cent of interannual variation in savannah NECB being explained by precipitation. By contrast, forest NBP is modelled to be only weakly related to rainfall (r 2 = 0.06-0.24). A smaller effect of temperature on NBP variability may still be detectable In summary, interannual and decadal variability in African NBP are best explained over the past century by variations in precipitation (r 2 = 0.39) rather than by variations in temperature (r 2 = 0.09). The spatial distribution of interannual variability of GPP from four process models compared by Weber et al. [39] has been evaluated using SeaWifs observations of Fraction of canopy Absorbed Photosynthetically Active Radiation (FAPAR) [65] . The regions with most variability are clearly the savannahs. Most models agree with satellite observations on a very large variability of GPP in eastern regions of South Africa and in Mozambique. Models disagree with each other on the variability of GPP over Sahelian and Sudanian ecosystems in Weber et al. [39] .
Uncertainties
The uncertainties associated with the current knowledge of the African ecosystems' carbon balance are rather high, as shown by the different estimates. Currently, the carbon balance of African ecosystems varies from a sink of about 3.2 Pg C yr −1 to a small source. There are uncertainties associated with fundamental processes and methodologies, in particular:
-The savannahs, carbon balance. It is still uncertain whether the balance of savannahs is a net source or a net sink, owing to the large variability in savannah types across climates and soils. In addition, the role of fire disturbance on the C balance of savannahs is not accurately known. -The carbon sink of tropical African forests. There is some observational and model evidence that the NPP has increased in recent years [9, 38] , but the net forest NBP is not yet fully understood. There is only one flux tower in a tropical forest in Africa (Ghana), but this tower is recently established and data are not yet fully exploited and analysed. A combination of in situ fluxes and inventories is needed to constrain the carbon budget of the tropical forests of Africa. Also, the soil carbon dynamics is poorly investigated and may bring new insights on possible carbon storage in the soil. -The role of forest degradation and deforestation. Most of the tropical forest disturbances in Africa are due to logging rather than to fires or conversion to other land use. Data on logging are difficult to obtain and only very uncertain estimates of forest degradation become available. -The role of interannual variability. This factor is of key importance in determining the direction of the African carbon budget (sink or source). The regions that are 'hot spots' of interannual variability are shown to correspond mostly to savannahs [39] , in particular in the South African eastern regions. -Uncertainties in the methods used for ecological classification, data harmonization, measurement and area assessment, particularly for what is happening in the forest remaining as forest.
Outlook: a future African integrated carbon-observing system
Because of highly variable CO 2 fluxes and insufficiently studied ecosystems and ecosystem-human-climate interactions, there is a need for continued and enhanced observations of carbon stocks, fluxes and atmospheric concentrations to enable more precise assessments of Africa's carbon cycle, and its sensitivity to natural and anthropogenic pressures and future climate. Of primary importance is the need for continent-wide carbon cycle observations that support both bottomup and top-down methods of estimating carbon sources and sinks. Such an African integrated carbon-observing system would encompass the following components:
- 4 ; and GOSAT in the case of CO 2 and CH 4 , while keeping the continuity of dataflow for CO (MOPITT, IASI). The accuracy requirement for the mixing ratio retrievals to be useful for flux inversion are about a few per cent for CO, a per cent for CH 4 and a few tenths of a per cent for CO 2 , with maximum sensitivity to planetary boundary layer and systematic errors required to be typically 10 times smaller than random errors for each species. -Validated, systematic, unbiased, near-real-time and operational satellite observations of active fires, burn scars and estimates of fire radiative power. Satellite observations of fire counts, burned areas, fire radiative power, including multi-sensor data products for calibration/validation of terrestrial biosphere models and C balance estimations. The European Space Agency Climate Change Initiative is a process that will address some of these issues. -Satellite-based studies combined with field ground-truthing to assess local to regional land-cover mapping and changes, as well as land-use practices and land-cover monitoring over Africa with an annual frequency using space-borne sensors should be implemented. -Satellite-based monitoring of vegetation biophysical properties using optical measurements, including the provision of greenness, vegetation health indexes, primary production, leaf area index and FAPAR quantities with typical spatial resolution of some hundreds of metres and temporal revisit of few days, enabling capture of phonological events and ecosystem state and condition.
The process of integrating these multiple streams of observations into carbon cycle models specifically adapted and calibrated to describe the functioning of African ecosystems will require assimilation techniques that modify model behaviour to match observations. This approach is given a wide variety of names such as model-data fusion, the multiple constraint approach or carbon cycle data assimilation. Examples of such applications in the context of quantification and understanding of the African carbon balance are the estimation of phenology parameters from satellite observations, estimates of photosynthetic parameters using CO 2 and heat fluxes from eddy covariance networks, a larger suite of parameters in a terrestrial model and biomass inventory data [67] .
Most importantly, every observation will need to be associated with an uncertainty to weigh the observation's influence on the underlying models. The integration of process-driven or data-driven models of the African carbon balance requires strategies for both data requirement and modelling assimilation. Using inverse modelling and assimilation to place constraints on the fluxes of CO 2 between African ecosystems and the atmosphere requires reliable, quality assured and well-calibrated measurements of key carbon stocks and fluxes. In addition, there are a number of control parameter observations that are crucial to the data assimilation and model-data fusion system. In that direction, one can recommend the following:
-Implement model-data fusion techniques to routinely assimilate data streams of carbon measurements to produce consistent and accurate estimates of daily CO 2 flux fields over Africa with typical resolution of 10 km. Possibly finer resolutions over specific regions. -Merge, synthesize and eventually fuse carbon observations within processoriented carbon models. -Provide visualization interface and user services to the resulting CO 2 flux and biomass, and soil carbon fields that will be made available for assessment, policy and resource management. -Provide regular assessments of the African carbon balance and its uncertainties, including identification of hotspot regions and vulnerabilities. -Implement a data management system for African carbon cycle data, integrated in the global carbon cycle data management system. The specific functions required of the African carbon cycle data management system to support innovative data assimilation methods need to be identified and plans made to provide that support. Several of the required data streams exist today and systems are in place for handling many of these individual data streams. The IGCO data and information management system should build on these existing systems within the global GEOSS data architecture.
